Abstract: This work investigates the ability of LIBS to produce quality spectra from small particles of concrete demolition waste using single-shot spectra collected in open air. The 2-8 mm materials are rounded river gravel, green glass shards, and plastic flakes. Considered are focal length, air, moisture, laser energy, and laser incidence angle (LIA). The research methodology is an experimental study using the so-called observation depth (OD) and spectral abundance as quality indicators. The relation between ablation volume, breakdown threshold, optical signal strength, and OD is captured in a simplified model to provide a better understanding of the dependence of the spectra on the LIA and material positioning in the laser beam. A 100 mm lens provided a compromise between spectral abundance, level of air interference and achievable OD. The study indicates LIBS can yield good quality data, even in cases of up to 3 mm surface roughness. Surface moisture did raise the percentage of bad spectra from an average 4% to 18%, but overall LIBS is still capable of providing quality data under challenging conditions. 
Introduction
Laser-induced break down spectroscopy (LIBS) receives much attention from industry as a potential quality inspection technology [1] . Here, LIBS is under development for the inspection of particulate demolished concrete (2-32 mm) to ensure that the quality is suitable for recycling into new concrete. To that end LIBS must detect the number and type of quality degrading pollutants per ton, such as glass and plastic particles. In addition, inspection should not interrupt the recycling process, which may require diverting a continuous sample from the main stream and feed it to the sensor system in a monolayer of particles. These and additional environmental challenges (e. g. moisture, dust) posed to LIBS in an envisioned application must first be investigated under controlled conditions in the lab. Rounded river gravel is used to represent the concrete aggregates and shredded shards of glass and plastic flakes represent the pollutants. All materials are in the smallest range 2-8 mm that represents the highest challenge to LIBS in view that they have smaller surface by which the laser has more chance to hit an edge, which can cause a dropout measurement.
LIBS is a plasma emission spectroscopic technique where the spectrum is representative for the elemental composition of the material and also highly characteristic for the material type in case of fingerprinting. LIBS employs high power laser pulses that exceed the material breakdown threshold of the material under inspection, typically in the range 10
-10
14 W/cm 2 [2] . The direct laser heat vaporizes a tiny amount of material into a hot plasma with electron density 10
19 cm −3 [3, 4] and gas temperature of 10
5 K [4, 5] . After the laser shot the plasma keeps radiating and cools down until it delivers the elemental information as the atomic/ionic emission spectrum, where the photon energies correspond with the possible and specific electron transitions between atomic or ionic energy levels. For the latter spectra the photon count may be considered proportional to the concentration of a certain element in the vapor and, eventually, the sample. The photon collection has to be time-gated to great precision to select the atomic/ionic spectra with enhanced sensitivity for specific elements in a particular material. LIBS has found its way into the recycling of metals [6] , electronic equipment [7] , and polymers [8, 9] . Compared with color-based optical techniques, such as hyperspectral or near-infrared imaging, LIBS has the advantage in that it uses the laser-induced plasma emissions of ablated target material and is therefore not sensitive to the visual surface color. Particulate waste materials are complicated in shape, size and material composition, while the average environmental conditions in a recycling setting can be rather harsh. Both factors negatively affect the quality of the LIBS data and have to be understood and counteracted if necessary. Anomalous spectra arise as a result of off-target optical focusing, angled particle orientation, or poor surface conditions such as dust, dirt, a thick oxide layer or moisture. The anomalous spectra are lacking analyte information and may in the more extreme even prove useless for the purpose of robust fingerprinting. Even though anomalous spectra can be identified, the point is that potential valuable information is still lost, since in recycling practice the materials will be moving on a conveyor. At first sight, a solution could be to use two lasers or one with a higher shot rate to compensate for the loss of spectra, but this would render the LIBS inspection inefficient and considerably more expensive. It is therefore of paramount importance to investigate conditions and counter measures that can minimize the chance of anomalous spectra.
The objective of this work is to determine the conditions under which LIBS may still produce good quality spectra with single-shot spectra in open air. In detail, the influences of the open air, surface moisture, focal length, laser energy, and laser incidence angle (LIA) are taken into account. The research methodology is an experimental study employing the so-called observation depth (OD), which is the maximum distance range in which the target material spectrum can still be detected, and the spectral abundance, which is the number of identifiable emission lines.
Experimental

Setup
The LIBS experimental setup used in this work is similar as that in [10] and is shown in Figure 1 . The beam from a diode pumped Q-switched Nd:YAG 1064 nm laser (12 ns, 11-18 mJ, max. 100 Hz) is directed downwards and focused on the sample surface using a mirror and planoconvex lens. The incoming plasma emissions are guided anti-parallel to the incident laser beam through the lens and are folded by a long pass edge filter (800 nm cutoff) which is transparent to the infrared. Another planoconvex lens is placed behind the filter to focus the incoming light on the entrance of a bundle of seven optical silica fibres. This optical setup is relative robust and allows for the variations in plasma position and the possible plasma shielding effects from nearby particles. The fibre bundle is coupled to a spectrometer with a spectral resolution of 0.15 nm and wavelength range 250-820 nm, 
Samples preparation
A polypropylene plate of 1 mm thick was shredded to flakes in the sieve size range 2-8 mm. Green glass bottles (varying thickness 1-3 mm) were smashed to produce shards in this range. Rounded river gravel was acquired from a concrete manufacturer and sieved to 2-8 mm. For the moist material tests the materials are wetted and left on a sieve until the free water has seeped out. Specifically for the observation height tests and laser angle tests the more flat particles were selected to minimize edge and surface curving effects.
Data processing
The objective of processing is to improve the data quality and/or eliminate redundancy (data reduction) without losing information, while using efficient algorithms in view of future real-time implementation. Anomalous shots ("bad shots") are identified using reference spectra and are eliminated from any data set. Since the common ensemble average is not suitable for single-shot spectra an alternative de-noising method is adapted in five steps: 1. Use the "mslowess" function (Matlab) to smooth the raw spectrum; 2. Use "findpeaks" (Matlab) to detect local minima in the smoothed spectrum; 3. Use "interp1" (Matlab) to first interpolate the detected local minima and then use "mslowess" (Matlab) as a low-pass filter to recover the continuum background ( ). The average spectral intensity of the raw spectrum is defined as:
Results and discussion
As a reference Figure 2 shows the averaged spectrum (10 shots at = 11 mJ/shot) for a stationary particle of plastic, glass and gravel, using the 35 mm focusing lens. The spectra for the moist material are shown in red. Note that the 10 shots are taken in different positions on the particle. These quality spectra are quite distinguishing in the three materials. The presence of moisture reduces the elemental intensity from the material and increases it for hydrogen (H ), while the air emissions remain relatively constant. The air spectrum shows quite a few unresolvable emission/absorption bands that may add to the noise. Due to transparency of the green glass the emission lines of Si are rather weak. It is noted that gravel is rather heterogeneous in composition and therefore also its spectrum is subject to quite some variations.
Influence of the focusing lenses
To eliminate the undesired open air emission lines they must be classified w. r. t. to the targeted materials. To this end, a thousand spectra in air (i. e. without target material) were recorded and all emission lines that occur in more than 500 of them are identified as air emission lines. Figure 3 shows the spectral abundance in terms of the num- bers of identified material and air emission lines using three focusing lenses. With increasing focal length, the material emission lines decrease while the (dominant) air emissions remain relatively constant.
An increase in focal length increases both the depth of focus and spot size (cf. Figure 4b) , while a larger spot size reduces the power density. Furthermore, the solid angle for plasma emission collection also decreases, and therefore the overall signal to noise ratio. The latter effect increases with the breakdown threshold of the material in question. A longer Rayleigh length facilitates the LIBS OD and should be determined in a compromise between focal length and spectral abundance.
Determination of OD based on laser beam profiles
The actual laser beam profile causing the ablation spot in a material is notoriously difficult to determine. However, it does play a crucial role in the whole process from material ablation to photon collection. To get a reasonable estimate, we determine the maximum laser beam profile using 0.5 mm thick burn paper, as it has a lower breakdown threshold than the target materials. The profile is determined from the burn hole diameter produced at different distances w. r. t. to the laser focus. Three focal lengths are tested and the holes are analyzed using microscopy image analysis. Figure 4a and 4b show the measured maximum beam waist, spot size and depth of focus.
We compare these results with the Gaussian beam model in which the beam radius ( ) is [11] :
0 is the beam waist radius, the spot size is 2 0 , 0 is the Rayleigh length, the depth of focus is 2 0 and the beam divergence is = 0 / 0 . 0 and 0 are fitted for burn paper in Figure 4a . Close to the focus the beam profile is strongly curved, while further away Equation (2) reduces to ( ) = 0 ⋅ / 0 , which is known as the far-field and which shows a more plane wave profile.
The minimum diffraction-limited spot size for a multimode beam is calculated as [12] :
2 is the beam quality factor, which parameter allows a multimode laser beam to be compared to the Gaussian one, f is the focal length of the lens and is laser beam diameter onto the lens. Equation (3) predicts 292.6 μm, 146.3 μm and 102.4 μm for the 100 mm, 50 mm and 35 mm lens, respectively. For the 100 mm lens, the formula predicts a 7.8% smaller spot size than in the experiment, while for the 35 mm and 50 mm lenses it predicts a much smaller spot size. A probable cause is the interaction between laser beam and the hot plasma when the beam is strongly focused, resulting in a significantly larger spot than calculated. On the other hand, the real laser beam is not perfectly axis-symmetrical which may result in a larger focal spot. To a lesser but still measureable degree, also spherical and chromatic aberrations of refractive components like lenses will only increase the spot size.
Next task is to determine the OD from which the material dependent breakdown threshold can be estimated. Here we define the observation threshold where material emissions disappear, by which it give an upper limit. The OD is determined as the average from multiple emission lines as shown in Table 1 .
The air influence is noticeable in both the N and H lines in plastic, causing a larger OD than the average OD for carbon species. For glass and gravel, the OD for air is comparable with the OD for the material emission lines. Outside the range set by the material OD the air spectra dominate and degrade the quality of the spectrum. More abundant spectra can be acquired with 35 mm and 50 mm lenses, but the OD proves smaller. All subsequent tests will therefore be conducted with the 100 mm lens.
Influence of LIA
The influence of LIA (the angle between the incidence laser and the normal to the sample surface, cf. Figure 1 ) is investigated (cf. Table 2 ) for different species. Most emission lines are little sensitive to the LIA with the exception of those near the UV, such as Mg 279 nm and Si 288 nm. This may be attributed to the long-pass edge filter, which sensitivity decays in the 250-330 nm range. The OD identifies the preferable emission lines that carry robust information. The complex shapes of glass and gravel particles may have influenced the measured OD in Table 2 , by which the average OD is more reliable. Using the average OD/2 in Table 2 as substitution for in Eq.(2), the breakdown threshold fluence (laser energy divided by spot area) regardless of the transmitted and reflected laser energy are calculated as 10.3, 8.61 and 6.64 J/cm 2 for plastic, glass and gravel, respectively. Note that these values were over- estimated because the optical sensitivity of our LIBS system was not taken into account. Next, in Figure 5a -5c the strength of selected emission lines from within the OD are investigated relative to the average spectrum . Since the emission lines are quite stronger than the average spectrum the amplitudes in Figure 5 are downscaled by a factor 15 (CN 388 nm), 35 (Na 589 nm), 4 (Mg 279 nm) and 10 (Al 309 nm). The measurements are performed for different LIA ranging from 0 degrees (straight incidence) to 60 degrees. Note that for each LIA on the horizontal axis the signal start and signal end indicated the length of the OD. The threshold above which the amplitudes may be considered as useful (strong enough) are determined from the average spectrum and are shown as a straight line in Figure 5 . They are in accordance with the minimum OD listed in Table 2 and determined as 16 (plastic), 42 (glass) and 72 (gravel). This threshold also provides the criterion for detecting anomalous spectra. There is no observable monotonic trend in the dependence on LIA, as also reported in [13] , and not even a common trend between the different materials.
Main issue is that even for relatively large LIA there may still be sufficient signal strength, which is mandatory for application of LIBS to small granular materials. To better understand the dependence of the spectral amplitude and OD on the LIA we use a simplified model where the average spectrum is assumed directly proportional to the ablation hole volume ℎ = ℎ ⋅ ℎ where ℎ is the ablated depth of the hole and ℎ = 6 dB signal would be lost. As a result, the hole volume ℎ is described by:
Here we simply assume that ℎ = and are independent of LIA. Combined with Equation (2), Equation (5) can be rewritten as a function of axial position z and LIA:
However, the incident fluence is affected differently if the material surface moves towards or beyond the focus. The following discussion is restricted to plastic since those flat flakes offer the most reliable experimental LIA and sample distance dependence. The average spectra in Figure 5a all show a dip halve way the OD (i. e. when the flake surface coincides with the focus). The cause is the smaller focus and therefore smaller ablated volume. The highest average intensity peak occurs when the flake surface lies a few millimeters below the focus (maximum z within the OD) and is attributable to stronger air emission lines. The cause is that the focus is then in midair, which stimulates air breakdown to greater effect [8] .
Next we explain how the signal strength depends on the position of the material in the laser beam. Figure 5d shows the data points from Figure 5a for the average intensity of plastic near the focal plane for which the laser focus is on or below the flake surface. It also shows predicted curves for these two selected cases using the fluence ablation hole model in Equation (6) . The OD and maximum signal become smaller with larger laser angle, and the signal strength indeed increases with increased hole size (i. e. larger z and thus larger focus). It is noted that in reality the maximum signal may also be influenced by the laser angle through a dependency on the electric field polarization [14, 15] .
Correlation between OD and breakdown thresholds
According to above discussion, the inverse square of the OD should be proportional to the breakdown threshold
To further investigate the relations between the OD −2 and sublimation threshold fluence ℎ , we measured the ODs at zero LIA of several pure materials, i. e., Zn, Al, Si, W plates with flat surface in compar- ison with their calculated sublimation thresholds according to:
is the mass density [g/cm 3 ], the enthalpy of sublimation [J/g], the thermal diffusivity [cm 2 /s], and the laser pulse duration. The material parameters measured at 298 K are taken from literature together with our experimental ODs shown in Table 3 . The proportionality between OD −2 and ℎ is shown in Figure 6 . Note that the input laser fluence is 14 J cm −2 . In other words, sublimation of these materials takes 25% (Al), 28% (Si), 48% (W), and 7% (Zn)
of the total applied laser fluence.
Influence of incident laser energy
As the last factors we investigate the influences of shot to shot laser energy variations and the presence of moisture on the signal quality. The output laser energy varies to some degree depending on the shot rate, optical oscillator, working temperature and diode pumping efficiency. In Figure 7 we compare the laser energy curve with the experimental average intensity of the LIBS spectrum (cf. Equation (1) for different diode trigger frequencies (shots per second) on plastic, glass and gravel. The laser efficiency improves and associated energy output increases with trigger frequency. The signal strength ratio between the different materials varies slightly. The exception is glass, which ablates best at the highest frequency and energy output, which might be related to the transparency of this material. The magnitude of the error bars for laser energy and signal amplitude indicate an approximately constant relative STD for each.
Influence of moisture
To compare the spectrum quality for wet and dry materials we use some thousand particles of each type of material. Each type is put in a bucket which is manually moved/shaken continuously in horizontal directions as well as up and down (towards and away from the laser focus) while the laser acquires the spectra. In this fashion many different particles will be sampled. After elimination of the anomalous spectra reported in Table 4 a total of 5000 spectra are acquired for both dry and moist materials.
The spectral abundance in terms of the number of identified air emission lines and material related emission lines are shown in Figure 8 for the dry and moist materials. It is noted that the shot rate was set to 100 Hz (18 mJ/shot). Compared to the corresponding case in Fig- ure 2 (dry case and 100 mm lens) considerably more emission lines are present from plastic and glass, but also for gravel it has increased. The spectral abundance for air remained practically the same as for the lower laser energy setting, which indicates that using the highest energy is quite favourable. The spectral abundance in the presence of surface moisture is lower, which may be attributed to a partial absorption of the laser energy. Nevertheless, the surface moisture does not inhibit the acquisition of good quality spectra. It is noted that the amount and form of surface moisture (thin layer or droplets) and associated drying capability of a material surface depends on parameters such as porosity, wettability and surface roughness.
Conclusion
We investigated various factors that may affect the quality of LIBS spectra while inspecting small particles of gravel, glass and plastic using single-shot spectra in open air. The quality is inferred using the OD and spectral abundance. A long focal length lens of 100 mm provided a compromise between spectral abundance, air interference and achievable OD. The OD varied between 3-18 mm as the LIA varied from 0-60 deg. and gravel, respectively. Using pure materials, we have also shown that the OD is proportional to the breakdown threshold required to achieve sublimation. Based on the OD a threshold value can be determined to identify the anomalous spectra. For dry and moist materials the percentage of bad spectra is on average 4% and 18%, respectively. The OD and spectral abundance indicators are shown to provide a feasible method to identify the wavelengths that are suitable and reliable for chemometric methods or advanced classification algorithms.
